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ABSTRACT 
Access to space has always been a challenge, especially for 
organizations with limited budgets.  In the last decade a group of universities has 
overcome many of the obstacles associated with placing experiments on orbit by 
using a nano-satellite standard called the “CubeSat.”  In addition to universities 
many private, commercial, and government organizations are now coming to 
appreciate the advantages of the CubeSat standard resulting in rapid growth in 
the CubeSat development community.  Although the CubeSat standard has 
helped increase access to space, the number of CubeSat launch opportunities 
has not increased at a rate necessary to meet demand since the hardware and 
processes necessary to do so does not exist.  U.S. based CubeSat developers 
face additional challenges since almost all CubeSats are launched overseas.   
This thesis proposes a solution to the lack of CubeSat launch availability 
called the NPS CubeSat Launcher (NPSCuL).   The NPSCuL is a high capacity 
CubeSat launch mechanism, which could facilitate rideshare opportunities 
onboard U.S. launch vehicles.  This thesis studies the design, program 
management, and advantages associated with such a device, and promote its 
development at the Naval Postgraduate School.     
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I. CUBESAT INTRODUCTION AND HISTORY  
A. WHAT ARE CUBESATS? 
CubeSats are a class of very small satellites called “Nano-satellites.”  
CubeSats refer specifically to those nano-satellites that adhere to the CubeSat 
Design Specification (CDS) published by the California Polytechnic State 
University (Cal Poly) generally with the standard unit of size of 10x10x10 cm3 
(one liter) and a weight of 1 kg [1]. The size mentioned above is the standard 
building block of all CubeSats and is referred to as “1 Unit” or “1U” for short.  The 
actual size of a CubeSat may be slightly larger than 10x10x10 cm3; specific 
CubeSat standards can be found in the CDS.  Figure 1. below is of a standard 
1U CubeSat. 
 
Figure 1.  Standard 1U CubeSat from [1] 
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CubeSats are scalable and can be two to three times the length of a 
standard CubeSat.  Existing variations include 2U (1 x 1 x 2) and 3U (1 x 1 x 3) 
[2].  One 2U CubeSat is the same size, weight, and approximate center of gravity 
(CG) as two 1U CubeSats; and one 3U is the same mass characteristics as three 
1U CubeSats.  Figure 2.  below shows the current CubeSat family including 1U, 
2U and 3U CubeSats forms [3]. In addition to the three common sizes, some 
have speculated usefulness for even larger sizes, such as 5U (1 x 1 x 5), 6U (1 x 
2 x 3), and for imaging, 20U (2 x 2 x 5), which would allow for optics up to 20cm 
in diameter.  In the author’s opinion, the CubeSat as defined in the CDS appears 
to be accepted by the members of the nano-satellite development community as 
the de facto standard.   
B. HISTORY AND DEVELOPMENT OF CUBESATS 
University access to space has been limited in part due to the low number 
of rideshare opportunities for secondary payloads and the high development 
costs associated with spacecraft, even very small spacecraft.  Since the 
beginning of the space age until the present, almost all satellites built worldwide 
have been one-of-a-kind, custom designed and custom built.  Some commonly 
used spacecraft components have become available commercially-off-the-shelf 
(COTS), but even these components are built in relatively few numbers.  Launch 
costs are usually very high.  The paradigm in the United States and abroad on 
most launch vehicles, including Evolved Expendable Launch Vehicles (EELVs), 
such as the Atlas V and Delta IV, can be summed up as “one satellite–one 
launch vehicle”.  CubeSats represent a shift in the standard spacecraft 
development Paradigm. 
The author believes that due to the challenges listed above, spacecraft 
have not been able to take advantage of economies of scale to the same extent 
as other highly technical industries such as computers or aircraft.  Due to high 
development costs and few rideshare opportunities fewer colleges and 
universities have participated in spacecraft development than would do so 
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otherwise.  In discussions with members of the educational aerospace 
community the author has observed that many believe that there are fewer U.S. 
college students interested in aerospace related engineering, resulting in both 
fewer graduates, and graduates with less hands-on experience than there could 
be with more frequent rideshare opportunities and lower payload development 
costs. 
 
Figure 2.  The CubeSat Family from [3] 
Stanford and Cal Poly, in an effort to increase rideshare opportunities for 
small, low budget secondary payloads (SPLs), introduced the CubeSat concept.   
The significance of the CubeSat standard lies in the ability to standardize 
payloads, thereby making them interchangeable [2].  This is a dramatic shift in 
ideology from the current one-of-a-kind custom-built spacecraft culture.  Since 
the size and weight of all CubeSats were standardized, a common deployment 
system could be employed to launch any payload conforming to the CubeSat 1U 
to 3U standard [2].   
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C. POLY PICOSATELLITE ORBITAL DEPLOYER (P-POD) 
The Cal Poly Picosatellite Orbital Deployer (P-POD) was introduced 
shortly after the CubeSat concept had developed.  Although named the “Pico-
satellite” Orbital Deployer it is designed specifically to deploy CubeSats—not just 
any Pico-satellite [3].  The P-POD Mk I was designed to deploy 4 CubeSats [2], 
while the subsequent Mk II and Mk III P-PODs have each been designed to 
deploy 3 CubeSats [3].  Figure 3.  shows a P-POD Mk II, with the naming 
convention that will be used for this thesis.   
As mentioned earlier, CubeSats are scalable. This is an important feature 
because it allows the P-POD to deploy various CubeSat sizes since larger (2U 
and 3U) CubeSats are multiples of the basic 1U CubeSat.  A P-POD Mk III can 
deploy a volume of 3U CubeSats, which means it could deploy one 3U CubeSat, 
three 1U CubeSats, or one 2U CubeSat and one 1U CubeSat without any 
modification to the P-POD.  As mentioned earlier, since CubeSats all have 
approximately the same mass properties, a P-POD with any combination of 
CubeSats should still have approximately the same overall mass and CG 
characteristics as it would with any other combination, this is an important note 
since it makes mission planning much easier than with custom designed and built 
payloads where each is unique.  The P-POD has been used to deploy 75% of all 
CubeSats launched. (See Appendix A)   
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Figure 3.  P-POD Mk II from [3] with Naming Convention for this Thesis. 
For simplicity, the author will refer to P-PODs according to their CubeSat 
payload capacity.  Using this convention, a P-POD with 3U worth of CubeSat 
payload capacity would be called a “3U P-POD”; while a P-POD with 6U worth of 
CubeSat payload capacity would be called a “6U P-POD” and so forth.   
In addition to the 3U P-POD, there has also been a 6U P-POD in 
development but not yet flown.  The 6U P-POD would be the same length and 
height as the current 3U but about twice as wide.  [4].   Although the specifics of 
the 6U P-POD are not yet available, in the author’s opinion, developers should 
consider a design such that one loaded 6U P-POD should have the same mass 
and CG characteristics as two loaded 3U P-PODs located side by side, allowing 
interchangeability between a 6U P-POD and any two side by side 3U P-PODs.  




the rails used for attaching a 6U P-POD are the same as the outside rails of any 
two side-by-side 3U P-PODs including the normal gap found between two 3U P-
PODs.   
A 5U P-POD design (1x1x5) has been proposed that would be an 
extended version of the current 3U P-POD.  The 5U P-POD would help use the 
entire volume capacity available on the Naval Postgraduate School (NPS) 
CubeSat Launcher (NPSCuL).  Using only 3U P-PODs only 60% of the potential 
capacity on NPSCuL would be usable for launch.  Specifics about how the 5U P-
POD would help take advantage of the entire NPSCuL payload volume can be 
found in section 0.  
D. SUMMARY OF CUBESAT LAUNCHES TO DATE 
The first P-POD deployed CubeSats were launched in 2003 on the 
Eurokot launch vehicle, which carried six CubeSats using two of the P-POD Mk I 
designs.   The Mk II P-POD has been used on two Russian Dnepr launch 
vehicles–a modified Soviet era ICBM.  The first Dnepr launch in July 2006 
consisted of fourteen CubeSats in five P-PODs, while the second in April 2007 
consisted of seven CubeSats in three P-PODs.  Unfortunately the first Dnepr 
launch failed to reach orbit due to a launch vehicle failure [6]. 
There have only been two U.S.-based CubeSat launches, both for NASA 
CubeSats.  A U.S. Minotaur successfully launched the NASA 3U “GeneSat I” in 
December 2006 [4].  The second U.S.-based CubeSat launch took place on 
August 3, 2008 on a SpaceX Falcon 1 launch vehicle.  This launch carried two 
NASA CubeSats the “PRESat” and “NanoSail-D”; both CubeSats were lost due 
to launch vehicle failure [7].  In addition to the six CubeSats launched by 
Germany (Eurokot – in Russia), the 21 launched by Russia, and three launched 
from the U.S., there was one CubeSat launched in Japan (by an M-V-8 launch 
vehicle, on February 22, 2006) and six launched in India by a PLSV launch 
vehicle on April 28, 2008.  Although P-PODs are built at Cal Poly, and over half 
of all CubeSats have been developed in the U.S., less than 10% of CubeSats 
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have been launched by U.S. launch providers (See Appendix B).  With the 
exception of NASA launching CubeSats on its own launches, no process or 
hardware currently exists to accommodate U.S. P-PODs on U.S. launch vehicles 
in general, and no CubeSat has ever been launched on an EELV (Delta IV and 
Atlas V launch vehicles), which tend to have the most excess launch capacity of 
any U.S. launch vehicle due to their large size.  
E. CHALLENGES WITH FOREIGN BASED CUBESAT LAUNCHES 
In the past seven years, from 2001-2008, the CubeSat community has 
almost doubled in size every 18 months.  As more CubeSats are developed and 
built more CubeSat launch capacity is needed to accommodate the growing 
community.  Given that a proven CubeSat deployment method already exists, the 
P-POD, which can be made compatible with a great variety of launch vehicles, 
including U.S. launch vehicles, one might believe that the number of CubeSat 
launches would increase proportionally to the amount of worldwide CubeSat 
development.  However, by examining Figure 4.  below, it is apparent that 
CubeSat launch volume worldwide has not dramatically increased since the first 
launch in 2003.  This is notable especially when considering that in 2003 there 
were only ten CubeSat known developers worldwide compared with over 110 by 
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Figure 4.   CubeSat Launch Volume by Year 2003–August 2008 
With the exception of three CubeSats launched by NASA of which only 
one reached orbit, all other CubeSats launched, 37 of which 23 successfully 
reached orbit, have taken place outside the United States.  This introduces 
challenges for U.S.-based CubeSat developers, who comprise over half of all 
CubeSat developers worldwide.  U.S. CubeSat developers are regulated by the 
International Traffic in Arms Regulations (ITAR).  ITAR restricts the export of 
defense-related products and technology on the United States Munitions List.  
Although one might not think that CubeSat technology would fall under ITAR, in 
fact a large amount of Aerospace technology, including some that could be used 
on CubeSats is regulated by ITAR.  This can, in some cases, severely restrict the 
available technology that may be developed by U.S. innovators and colleges.   
The P-POD, although it has no known defense related uses, is restricted 
by ITAR.  Ironically, this likely forced foreign-based CubeSat developers to 
design their own version of the P-POD promoting foreign CubeSat innovation.  
The most recent foreign launch in India used the Canadian Nano-satellite Launch 
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System instead of the U.S. based P-POD.  ITAR, while protecting U.S. 
technology from foreign governments, may also promote development of 
superior technology overseas—especially if that technology is easily replicated.   
Some foreign launch providers such as ISC Kosmotras (Dnepr launch 
provider) have been willing to launch Cal Poly P-PODs in the past for a fee 
around $90,000 per 3U P-POD.  The total cost to produce a flight-ready P-POD 
including CubeSat integration by Cal Poly is about $30,000, so the cost to launch 
3U capacity on a Dnepr has been $120,000, or $40,000 per 1U Cube [4].  
Although, the launch cost of $40,000 per Cube is not nearly as prohibitive as that 
for larger satellites, there are only a few compatible launches each year for which 
CubeSat can compete.  Even if accepted for flight, only a few CubeSats can be 
launched using the P-POD alone.  Cost is therefore not as prohibitive as the 
overall lack of launch opportunities—regardless of price.   
Despite the number of willing customers CubeSats have not been 
included on any more than two launches world-wide in any given year. Most non-
U.S. launch providers use smaller launch vehicles than those used in the U.S., 
so they typically have less excess mass launch capacity available for SPLs.  
Secondly, $90,000 is a small fee in the worldwide launch community, not enough 
to highly motivate launch providers to include P-PODs regularly.   Many launches 
simply do not launch into the necessary orbit for CubeSat deployment, precluding 
CubeSat deployments even if the launch provider were willing and had enough 
excess capacity available to launch CubeSats.  When a compatible launch is 
found, only a few P-PODs can typically be manifested, the most ever manifested 
was five, but there are typically fewer.     
In 2008, Cal Poly reported that there are at least 113 known CubeSat 
developers working on over a hundred CubeSats [8]. There are likely others who 
do not advertise their activities because of limited man-power and/or budget 
constraints, which may preclude them from advertising their efforts online or at 
conferences.  Some, such as governments or companies, may not advertise their 
activities for security or proprietary reasons.   
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Considering the relatively few launch opportunities each year for 
secondary payloads it seems that a reasonable solution to provide more launch 
opportunities for CubeSats should include a means to deploy a high number of 
CubeSats on a single launch.  U.S. launch vehicles typically have more excess 
payload capacity, due to their large size, than foreign-based launch vehicles, yet 
there is almost no technical capacity or formal process to manifest CubeSats on 
U.S. launch vehicles.   
F. EELV SECONDARY PAYLOAD ADAPTER (ESPA) 
At the same time Cal Poly and Stanford were developing the CubeSat and 
P-POD, the U.S. Air Force, recognizing the weakness of the “one payload – one 
launch vehicle” paradigm, began development of an adapter called the Evolved 
Expendable Launch Vehicle (EELV) Secondary Payload Adapter  (ESPA, or  
“ESPA Ring”) for use on Atlas V or Delta IV launch vehicles.  The ESPA is 
designed to replace the C-ring adapter on candidate missions where enough 
excess payload mass margin is available.  The ESPA has six slots located 
around the ring, each separated by 60 degrees.  The ESPA SPL envelope is 24” 
x 28” x 38” for the Delta IV, and 24” x 24” x 38” for the Atlas V including the 
interface adapter [9].  Figure 5.  is a picture of an actual ESPA ring, while Figure 
6.  shows how an ESPA could be integrated onto an EELV payload stack.   
 
Figure 5.   ESPA Ring from [9] 
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Figure 6.  ESPA Integration Diagram from [9] 
The first ESPA launch took place in March 2007, on the U.S. Air Force 
(USAF) Space Test Program (STP) mission “STP-1”.  The ESPA will facilitate the 
use of thousands of pounds of excess payload capacity that, until recently, would 
have otherwise been wasted.  Since large launch vehicles typically have more 
excess capacity than small launch vehicles, and U.S. EELVs are large launch 
vehicles, they are a perfect candidate for a high capacity CubeSat launch 
adapter. 
G. NPS, THE GOVERNMENT, AND THE EDUCATIONAL REALM 
NPS is in a unique position to further the launch of CubeSats onboard 
U.S. government and military launches.  As a military institution, NPS has a 
working relationship with government and military entities such as the Defense 
Advanced Research Projects Agency (DARPA), the National Reconnaissance 
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Office (NRO), National Aeronautics and Space Administration (NASA), the Air 
Force Science and Technology Office and the DoD Space Test Program (DoD 
STP) among others.   
As an educational institution, NPS enjoys a cordial relationship with U.S. 
colleges and universities, especially those closely involved with the CubeSat 
program, such as the Cal Poly, and Stanford University.  Through programs such 
as the NPS CubeSat launcher, NPS is becoming a leader in the CubeSat 
community.  Both the U.S. government and the CubeSat community have much 
to gain from one another.  Few organizations are in a position such as NPS to 
foster close relationships between the educational, civil, and DoD space 
communities.   
The government has much to gain from the CubeSat community.  
CubeSat technology is substantially cheaper than any other types of space born 
technology.  Using CubeSat technology, the U.S. government could conduct 
experiments in space at a fraction of the cost of conventional technology. 
Government funding of various CubeSat programs at colleges and universities, 
can leverage significant expertise and manpower at a fraction of the cost of 
buying the same services from the private sector.  There are over 50 U.S. 
colleges and universities actively developing CubeSats today, and this number 
grows substantially each year.  Increased U.S. college student involvement in 
space-related studies such as Aerospace Engineering and Astronautical 
Engineering, can only serve to further the quality and quantity of U.S. space-
related engineering graduates. This is an obvious advantage to both the 
government and U.S. space community as a whole.    
U.S. Colleges and Universities have much to benefit from U.S. 
government involvement and funding in the CubeSat community.  The 
government and DoD use large launch vehicles, which often have excess 
capacity that could be used for launching CubeSats.  The CubeSat community 
has grown at a rapid pace, making the few launches available overseas each 
year inadequate to keep up with the growing demand for CubeSat launches.  
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With the exception of NASA, which has launched its own CubeSats, there have 
been no domestic CubeSat launches, and there currently exists no process or 
hardware necessary to manifest and launch CubeSats on U.S. launch vehicles.  
H. OBJECTIVE OF THIS THESIS 
The purpose of this thesis is to explore the possibility of an NPS-
developed high-capacity CubeSat launcher.  The CubeSat launcher will be 
compatible with U.S. Launch vehicles and use the flight-proven Cal Poly P-
PODs.  This thesis also aims to propose a process necessary to manifest U.S. 
CubeSats on U.S. launch vehicles on a space-available basis.   
This thesis also fulfills the requirements of the grant from the Department 
of Labor’s Workforce Innovation in Regional Economic Development (WIRED) 
initiative, administered by the California Space Education and Workforce Institute 
(CSEWI) for $20,000 [11].  As part of the agreement between NPS and CSEWI, 
NPS was tasked to deliver the following:  
1) A functional prototype for the purpose of concept demonstration. 
2) An NPSCuL process and requirements document describing the 
steps and requirements necessary to certify and manifest a 
CubeSat for launch on NPSCuL.  
In addition to the deliverables required for the NPS/CSEWI agreement, the 
thesis conducts the following activities: 
1)  Concept study of NPSCuL mass re-configuration. 
2)  Analysis of the NPSCuL Process & Requirements document 
required by CSEWI. 
3)  Documents NPSCuL presentations at various proceedings 
conferences including:  
a) The DoD Rideshare Conference at Wallops Flight Facility, 
VA, July 2008. 
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b) The 2008 Summer CubeSat Workshop, preceding the Small 
Satellite conference in Logan, Utah, August 2008. 
c) The Navy Space Experiments Review Board in Washington 
D.C. (at NRL) in July 2008. 
d) The Department of Defense (DoD) Space Experiments 
Review Board in Washington D.C. (at NRL) in October 2008. 





II. NPS CUBESAT LAUNCHER CONCEPT 
A. GENESIS OF NPSCUL 
1. NPS and Small Satellites 
a. PANSAT 
The Naval Postgraduate School (NPS) Space Systems Academic 
Group (SSAG) has been involved with the design and construction of small 
satellites for more than two decades.  The first NPS satellite successfully flown, 
the Petite Amateur Naval Satellite (PANSAT) was begun in 1990 and was, 
launched onboard the Space Shuttle in 1998.  In addition to training military 
officers in the design and operation of satellites, PANSAT operated in the 
amateur radio frequency range (HAM radio frequencies).  Although PANSAT had 
a two year design life, it operated for almost four years [12]. 
 
Figure 7.  PANSAT Deploys on STS-95 from [12] 
b. NPSAT1 
NPSAT1 is the next small satellite to be built at NPS after PANSAT.  
The SSAG began development of NPSAT1 shortly after the launch of PANSAT 
and expects to demonstrate several COTS technologies.  Unlike PANSAT, 
NPSAT1 is not designed to be deployed from the space shuttle but rather from 
an ESPA slot on a U.S. EELV [13].  NPSAT1 was manifested onboard STP-1, 
launched March 7, 2007, but was unable to make the flight for various reasons.  
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When NPSAT1 missed its manifested flight, NPS provided a mass simulator to 
maintain the proper CG and mass properties originally anticipated for the launch 
vehicle.  Although the mass simulator provided the proper mass and CG 
characteristics expected for NPSAT1, it was non-functional.  
 
Figure 8.  - NPSAT1 from [13] 
2. The NPSCuL Concept is Born 
Replacing NPSAT1 with a non-functional mass simulator was a 
disappointment.  Yet, of the six ESPA payload slots, one slot was manifested 
empty as there were no other payloads ready to be launched.  Nonetheless, it 
became apparent that small satellites might miss their flight when manifested on 
the ESPA ring as there would be six possibilities to miss any given flight.  
Traditionally, in the “one payload—one launch vehicle” world, if a payload was 
not ready in time for a flight, the launch vehicle would be delayed and wait for the 
finished payload.  Secondary payloads on the other hand are not integral to the 
primary mission, so they would be left behind if necessary.   
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Since ESPA payloads cannot be easily substituted with any other payload, 
because the mass and CG properties must match the original payload, some 
members of the SSAG began conceptualizing a possible functional mass 
simulator [14].  Such a mass simulator could be mass and CG reconfigured on 
fairly short notice to match most SPL mass and CG characteristics and, most 
importantly, actually perform a useful function once in orbit.   
With a simple and versatile design a launcher could carry multiple Cal 
Poly P-PODs on various P-POD slots and be used either as a functional mass 
simulator or a manifested SPL.  Such a launcher could be used to take 
advantage of the full ESPA volume and mass capacity and launch a large 
volume of CubeSats when manifested.  As a mass simulator, it could be mass 
and CG configurable by adding or subtracting ballast and P-PODs to obtain the 
necessary mass and CG.  This concept became known as the NPS CubeSat 
Launcher (NPSCuL).   
B. FUNCTIONAL DESCRIPTION OF NPSCUL 
Although NPSCuL is called a CubeSat “launcher”, it is really a P-POD to 
ESPA adapter.  It provides a means to attach up to ten Cal Poly P-PODs on a 
standard ESPA secondary payload slot, and contain all P-PODs within the ESPA 
secondary payload volume and mass envelope.  The NPSCuL will allow P-
PODs, and therefore CubeSats, to launch onboard any ESPA-compatible U.S. 
launcher, including the Delta IV, Atlas V and the Minotaur.  In addition to simply 
providing substantial U.S. domestic CubeSat launch capability, NPSCuL may 
actually give some U.S. launch vehicles a significant advantage over foreign 
launch vehicles in the area of CubeSat launch volume capability.    
C. DESIGN CHARACTERISTICS OF NPSCUL 
1. Design Philosophy for a CubeSat Launcher 
The following guidelines were set for the NPSCuL design. 
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1) NPSCuL must meet all necessary requirements of the ESPA 
Payload Planners Guide (PPG). 
2) NPSCuL will carry Cal-Poly P-PODs and will not require any 
change in the current, proven P-POD design 
3) NPSCuL should accommodate a variety of current and future P-
POD designs and sizes.  
4) NPSCuL must be versatile enough to meet additional requirements 
imposed by the primary payload. 
5) NPSCuL must be mass and CG configurable. 
6) The NPSCuL design should maximize the allocated volume and 
mass available to launch the largest volume of CubeSats possible. 
7) NPSCuL may not impose requirements on the Launch Vehicle or 
Primary Payload (PPL) or other secondary payloads (SPL). 
Mitigation of risk to the primary payload, and other secondary payloads, 
was the paramount design consideration above all others because of the low 
tolerance for risk on U.S. launches.  To this end, the following additional 
guidelines were followed in all stages of the NPSCuL development to reduce risk 
to the Primary Payload and other SPLs: 
1) Whenever possible NPSCuL would employ flight proven COTS 
technology. 
2) When COTS technology is not available, other flight-proven 
technologies such as the P-POD would be employed. 
3) When no COTS or other flight-proven technology is available, 
simplicity of design will take precedence over performance, mass 
optimization, and cost to keep risk at an absolute minimum.   
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4) When it will not appreciably increase risk or complexity, the 
NPSCuL design should be versatile enough to meet requirements 
imposed by any U.S. launch provider.  
It was felt that practicing simplicity in the design of NPSCuL would not only 
minimize risk to the other payloads, but would help make the design adaptable 
enough for all EELV launch environments and keep the overall design and 
production costs low.  As will be discussed later, the only major sacrifice from a 
simple design may be some mass margin since a simple structural design is 
heavier than a mass-optimized design.  It was found that a simple NPSCuL 
structure could be fully loaded with P-PODs without exceeding the ESPA mass 
limit [15]. When following the ESPA SPL requirements, NPSCuL used the 
available volume before exceeding the available mass.  Therefore, designing a 
simple, yet bulky design does not sacrifice payload capacity. 
2. The ESPA Launch Environment 
The primary launch environment considered for NPSCuL was that 
produced by a U.S. EELV secondary payload within an ESPA ring.  The ESPA 
secondary standard interface plane (SSIP) is outlined in the ESPA Payload 
Planners’ Guide.  It is described below and is illustrated in Figure 9. Unless 
otherwise noted, anytime a coordinate system is used in this document it will 
always be with reference to the SSIP. 
The SSIP coordinate system origin is located at the outer edge of the 
attachment ring at the center of the 15” adapter.  The positive x direction is in the 
radial direction from the cylindrical center of the launch vehicle, the positive y 
direction is the same as the launch vehicle direction of thrust.  The positive z 
direction is perpendicular to x-y plane such that it completes the right handed 
coordinate system, and tangent to the circumference of the ESPA ring.   
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Figure 9.  ESPA Secondary Standard Interface Plane (SSIP) from [9] 
While the ESPA is designed to accommodate SPLs up to 400 lbs., the 
actual mass allowed may be less, depending on the actual excess launch 
capacity available.  The center of gravity for any ESPA SPL should be within 20” 
of the SSIP, but may be up to 30” with less mass.  Figure 10 below shows the 
allowable range for SPL CG offset from the SSIP as a function of SPL mass [9].  
The ESPA SPL standard payload volume, including any attachment 
adapter or separation system, is 38” x 24” x 24”.  The Atlas V has a usable 
volume of 38” x 30” x 24” and the Delta IV has a usable volume of 38” x 28” x 
24”, however any payload designed to exceed the standard payload volume, 
even if still within the usable volume may be obligated to meet additional 
requirements.  The minimum payload offset from the ESPA interface to allow 
enough room to mount an SPL is 2.1” in the x direction—so the usable payload 
volume in the x direction is 35.5”. [9].  
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Figure 10.  ESPA Mass/CG Envelope from [9] 
3. NPSCuL Design Considerations 
There were several design possibilities, each of which could accomplish 
the needed task.  Conceptual NPSCuL designs began in July 2007, while finite 
element analysis of various concepts began in November 2007.  Much of the 
structural analysis of the various designs considered was performed by a 
graduate-level German exchange student, Felix Rossberg in his thesis titled 
“Structural Design of a NPS CubeSat Launcher” [15].  In addition to structural 
analysis, there were several other considerations for the NPSCuL design.  This 
section discusses many of the considerations for the NPSCuL design, and 
concludes with the selection of a design that was felt best suits the guidelines 
described in section 0.0.0.  “Design philosophy of a CubeSat Launcher”.   
a. NPSCuL Design Options 
In addition to the information in the ESPA Payload Planners’ Guide 
there were several practical considerations for the NPSCuL design:   
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1 Deployment Direction. The CubeSats must deploy in such a 
way that there is no chance of collision with the PPL, the other 
SPLs, or the launch vehicle.  When examining the ESPA it 
becomes evident that payloads could only deploy in the +x 
direction without restriction or in the +/- z direction if the SPLs 
immediately adjacent to NPSCuL had already deployed.  
CubeSat deployment in the +/- z direction would require the 
launch vehicle to deploy SPLs adjacent to NPSCuL prior to 
CubeSat deployment, which conflicts with guideline seven in 
section II.C.1 that states that NPSCuL should not impose any 
requirements on the launch vehicle or other payloads.  This 
made the overall orientation of the P-PODs straight forward; the 
CubeSats must deploy in the +x direction.  The standard ESPA 
volume perpendicular to the x direction is 24” x 24”, and this is 
the area in which the P-POD opening mechanism can be 
arranged to deploy CubeSats. 
A P-POD deployment cross-sectional area is 5.528” by 7.575” 
(see Figure 11) [3].  With these constraints, there were limits to the design 
pattern.  It was concluded that the best pattern to fit within the 24” by 24” area 
was two rows of four P-PODs with two P-PODs in between the two rows.  (see 
Figure 12 ) This pattern also had the added benefit of consolidating excess 
volume in the center of the NPSCuL allowing space for assembly, a sequencer 




Figure 11.  P-POD Mk III Cross-sectional area perpendicular to the x-direction.  
All Dimensions in inches. 
 
Figure 12.  Preferred NPSCuL P-POD Arrangement 
Various structures were considered to hold the P-PODs in the 
above pattern.  The P-PODs could be facing inward (so the doors swing outward) 
or facing outward (so the doors swing inward).  
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2 Fully enclosed, Wrapped, or Open? There was much 
discussion on whether there was a need to fully enclose the P-
PODs comprising the NPSCuL.  The discussion centered on 
whether the Primary Payload (PPL) program would be safe, and 
just as importantly, would the PPL program manager feel safe 
enough with up to ten P-PODs loaded onto an ESPA slot.  
Would the PPL program prefer some kind of secondary 
enclosure around the NPSCuL or would the individual 
enclosures by each P-POD suffice?   
It was determined that there were three options in this regard: 
“open”, “wrapped”, or “fully enclosed”.  Each of the three options was simple, 
although some more than others, and could be adequate to meet the design 
requirements; but there were advantages that each had over the others. “Fully 
enclosed” meant the NPSCuL would be completely enclosed on all sides by a 
structure that would contain any debris, in the unlikely chance that something 
were to come loose from the NPSCuL or P-PODs, or in the event of an 
unplanned P-POD door opening.  “Wrapped” was the concept of wrapping the 
NPSCuL in all directions except the direction in which CubeSats deploy [15].  
This may provide some minor protection to the PPL and other SPLs, but not 
complete protection.  “Open” meant there would be no requirement for an 
additional enclosure around any part of the NPSCuL or P-PODs.  In theory, there 
is nothing wrong with this since P-PODs are space-qualified, have never failed, 
and are built to contain any launch debris produced by the CubeSats until 
deployment.  To date, there have been no reported problems with CubeSat or P-
POD debris during launch.  
In the end, the “wrapped” option was discarded since it would 
add additional mass while adding only a marginal, if any, amount of safety.  The 
“fully enclosed” option presented additional engineering challenges for the 
NPSCuL team. It would require a door covering the entire NPSCuL payload, and 
therefore require additional mass and mechanical complexity.  In the end, it was 
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decided not to fully enclose the NPSCuL, and it was concluded that the simple 
NPSCuL design was the most robust.  The P-PODs have been well tested, have 
been proven both on earth and on several space flights, and have performed 
flawlessly on each occasion.  Fully enclosing an NPSCuL may produce a 
superficial feeling of safety, but it was felt that the increased complexity in the 
design and addition of moving parts will not result in a real decrease in risk to the 
PPL and SPLs. 
3 The H and D-Structures. The H-structure, as its name 
suggests, is in the shape of an H but with two lines in the center.  
(See Figure 13)  Four P-PODs would be located on the outside 
with the hinges on the inside.  There would also be two P-PODs 
in the inside with the hinges toward the inside of the structure.   
The “D-structure” is very similar to the H-structure with the 
exception that the center of the “H” is pushed out towards each 
edge, until it resembles a D more than an H [15]. 
 
Figure 13.  The Empty “H” Structure (Left) and “D” Structure (Right) from [15]. 
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As shown in Figure 14 below, both structures were originally 
designed for the P-POD doors to open inward.  However, in the D-structure, the 
two inner P-PODs were oriented 180 degrees so that the P-PODs opened to the 
outside. While opening to the inside with the H structure prevented any 
interference with equipment outside the NPSCuL payload area, it also could 
cause potential interference with itself.  If the P-PODs were allowed to open 
toward the inside of NPSCuL, they could potentially block the opening or the 
operation of other P-PODs.  Therefore, in these configurations, the sequence 
would be restricted so that the center P-PODs must deploy their payloads first. 
[15] 
  
Figure 14.  Loaded H Structure (Left) and Loaded D Structure (Right) from [15]. 
Another consideration to having the doors open inside is that 
they could contact other parts of the NPSCuL even if the center P-PODs had 
already deployed their payloads, therefore the outer P-PODs would require door 
stops.  To prevent the opened P-POD doors from blocking the opening of the P-
PODs in the center would require a specific opening sequence.  Although this 
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configuration is simple it was complicated operationally since the order in which 
the P-PODs opened became paramount, , however by opening P-PODs to the 
outside there would be no restriction to their firing order, and no added 
complication to the structure. 
4 The Box Structure. The box structure, as shown in the 
Figure 15 below, was a simple box with P-PODs mounted to 
each of its walls.  P-PODs would be mounted in the same 
orientation as with the H and D structures, except that each P-
POD would be swiveled 180 degrees so that it opened with its 
doors swinging to the outside.  The box structure mitigated the 
problems with the H and D structures since it prevented any 
sequence restrictions and also prevented the P-POD doors from 
colliding with or blocking other parts of the NPSCuL.  The box 
design, on the other hand, was more massive than the H or D 
structures and would put a fully loaded NPSCuL much closer to 
the 400 lb ESPA mass limit [15].  It would also make it more 




Figure 15.  The Box Structure Empty (Left) and Loaded (Right) from [15] 
 
5 The Advanced-D Structure: 
In his thesis, Felix Rossberg then proposed the Advanced-D 
structure, which would allow the P-PODs to open to the outside, like in the box 
structure, but would be less massive than the box structure.  The Advanced-D 
structure was a modification of the D-structure with the outside walls extended 
outward to allow the P-PODs to be swiveled and face inward, and opening to the 
outside.  The Advanced-D was only slightly more massive than the D-structure, 
but much less than the box structure [15].  The Advanced-D was the final choice 
for NPSCuL since the design seemed to take advantage of the best of the H, D 
and Box structures with none of the weaknesses they had presented. 
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Figure 16.  The Advanced-D Structure, the final NPSCuL Design 
b. Lightband 
Planetary Systems Corp. builds a device known as a “Lightband.”  
Lightbands come in various sizes and are designed to separate a payload from 
the launch vehicle.  When using a Lightband, payloads will attach to the launch 
vehicle via the Lightband.  The basic construction of a Lightband includes two 
connected rings capable of separation from each other on command from the 
launch vehicle.  One ring is attached to the launch vehicle, while the other is 
attached to the payload; separations of the Lightband rings deploy the payload 
from the launch vehicle. [16].   
In most cases NPSCuL should not require separation from the LV.  
The P-PODs would deploy the CubeSats and the NPSCuL and empty P-PODs 
could remain fixed to the ESPA or LV after deployment.  If the PPL required 
separation of the NPSCuL and P-PODs from the ESPA, perhaps to reduce mass 
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before firing the 3rd stage, a Lightband could be used to jettison the empty 
NPSCuL and attached P-PODs once CubeSats have been deployed.  
   
 
Figure 17.  15 inch Motorized Lightband Deployed from [16] 
c. Sequencer and Battery 
The P-PODs must receive the proper signal, either directly from the 
launch vehicle or from some other source in order to deploy.  Although unlikely, if 
a launch vehicle is capable of providing ten distinct, time delayed signals, then 
the launch vehicle can deploy each P-POD individually at the proper time in orbit; 
this case would not require a sequencer or battery.  If the launch provider is 
unable to provide ten distinct deployment signals, a single deployment signal can 
be sent to an NPSCuL sequencer, which would begin to deploy each P-POD in a 
pre-determined order and time interval.  The sequencer may also include an 
onboard battery to provide enough power to operate each P-POD deployment 
mechanism.  If a sequencer and battery are required, they could be located in the 
void between the inner two P-PODs or external to NPSCuL. 
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d. CubeSat Deployment from NPSCuL 
The time at which NPSCuL and the other SPLs will deploy from the 
launch vehicle varies greatly by mission type and requirements.  Additionally, the 
on-orbit operations vary depending on the type of launch vehicle.  All Atlas and 
Delta launch vehicles use a liquid propelled final stage, which is capable of 
starting and stopping multiple times as necessary to insert the primary payload 
into its intended orbit.  On some missions, if only carrying a PPL, the final stage 
may have significant propellant remaining (sometimes called “excess 
performance” in the Aerospace community) after completing all necessary 
operations for the PPL.  These missions may be good candidate missions to 
carry SPLs since this excess performance can be used to lift and deploy SPLs 
without significantly increasing the cost of the mission.    
The exact deployment time is heavily dependant on the operations 
necessary to insert the PPL into its required orbit, and the following are examples 
of when SPL might typically be deployed.  If the PPL is headed to 
Geosynchronous Orbit, the SPLs and NPSCuL may deploy during the coast 
phase following initial insertion into Low Earth Orbit (LEO).  In this case, SPL’s 
would be deployed while the PPL is still present, after which the launch vehicle 
would re-start and conduct operations necessary to insert the PPL into it’s 
required orbit.  If the PPL is headed to LEO, the launch vehicle may first 
complete all operations necessary to deploy the PPL into its required orbit after 
which the launch vehicle may then transport itself and SPLs away from the 
vicinity of the PPL at which point the SPLs may be deployed.   
The CubeSats should be deployed while the NPSCuL is still 
attached to the ESPA or LV.  While still attached to the ESPA, the NPSCuL can 
guarantee all CubeSats are deployed away from the LV and other payloads since 
it would be physically impossible to do otherwise.  If the NPSCuL were detached 
from the ESPA before deployment of the CubeSats with the intent to deploy 
CubeSats afterwards, the tumbling NPSCuL could deploy CubeSats in the 
direction of the LV.  With that being said, at some point in the future an NPSCuL 
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could be designed with attitude control, which might allow for more flexibility, 
including the ability to safely deploy CubeSats after NPSCuL had separated from 
the LV.  
e. 3U, 5U and 6U P-POD Versatility. 
The NPSCuL design can accommodate a variety of P-POD sizes.  
As mentioned earlier, the 3U P-POD is currently the only flight-proven P-POD. 
The 6U NASA Ames “six pack” is being developed but not yet flown.   Because 
the 3U and 6U P-PODs are only 17” in length it has been proposed that a 5U P-
POD, at a length of about 28”, would make better use of the entire NPSCuL 
volume.   For now, the 5U P-POD remains only a concept, but could be 
developed at any time.  NPSCuL has 10 slots for P-PODs, which could 
accommodate all types in existence and those that have been proposed for the 
future (5U and 6U).  The 6U P-POD would use two slots, since they are twice the 
width of a 3U.  When using only 3U and/or 6U P-PODs, NPSCuL would have a 
30U capacity.  With 5U P-PODs, NPSCuL capacity would increase to 50U.  
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Figure 18.  NPSCuL with 5U P-PODs (Left) and 3U P-PODs (Right).   
D. NPSCUL AS A MANIFESTED PAYLOAD 
Although the original idea for NPSCuL was to provide a functional mass 
simulator for flights when other manifested payloads failed to make launch, 
NPSCuL may be even more useful as a manifested payload.  As it will be 
discussed in the next section, as a mass simulator NPSCuL must match the 
mass and CG properties of the payload it is replacing.  It may be difficult to use 
the full NPSCuL CubeSat capacity and also meet the mass and CG required as a 
mass simulator.  When freed from the constraints of a mass simulator NPSCuL 
could be used to its full CubeSat launch capacity. 
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The mass and CG properties of a fully loaded NPSCuL depend on which 
types of P-POD are used.  Table 1.  is a simplified mass budget, including CG 
properties for each component and overall CG.   
NPSCuL Simplified 3U and 5U Mass Budget with CG 
    3U P-PODs 5U P-PODs 
Component 
Mass 
 (lbs [kg]) Num 
Total 




 (lbs [kg]) 
CG 
 (inches [mm])
Lightband 5.6 [2.5] 1 5.6 [2.5] 1.05 [27] 5.6 [2.5] 1.05 [27] 
NPSCuL 89.4 [40.6] 1 89.4 [40.6] 11.40 [290] 89.4 [40.6] 11.40 [290] 
3U P-PODs 5.8 [2.6] 10 57.5 [26.1] 21.93 [557]     
3U CubeSats 6.6 [3.0] 10 66.1 [30.0] 21.33 [542]     
5U P-PODs 8.0 [3.6] 10     80.00 [36.3] 19.93 [506] 
5U CubeSats 11.0 [5.0] 10     110.2 [50.0] 17.39 [442] 
Sequencer 13.0 [5.9] 1 13.0 [5.9] 3.69 [94] 13.0 [5.9] 3.69 [94] 
          
Total     231.5 [105] 16.2 [411] 298.2 [135.5] 15.4 [391] 
Table 1.   NPSCuL Simplified 3U and 5U Mass Budget with CG.  Mass numbers 
from [1], [3], and [15].  5U P-POD and Sequencer masses are estimated. 
Table 1.  describes the mass and CG characteristics of an NPSCuL 
loaded with ten 3U or 5U P-PODs.  Some assumptions were made in this mass 
budget, namely: 
1.   CubeSats are 2.2 lbs (1 kg) per “U”.  
2.   Either a 15” Lightband or an equivalent non-separating adapter with 
nearly identical mass and size characteristics to a Lightband is 
used. 
3.   All CG calculations assume the NPSCuL is offset 2.1” from the 
SSIP to account for the Lightband or equivalent non-separating 
adapter. 
4.   A sequencer weighs 13 lbs (6 kg), is two inches thick, the CG is at 
the center, and is placed on the NPSCuL base plate.  The 
sequencer has not yet been designed, so this may be a rough 
estimate. 
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Even if some of the above assumptions were to prove inaccurate, it can 
be seen that the natural CG for NPSCuL is almost four inches from the 20” limit 
and probably more since payloads lighter than 400 lbs can exceed the 20” limit 
as described in Figure 10  Even with the mass estimated on some components, 
NPSCuL is not in danger of exceeding the ESPA mass or CG limits. 
Although the ESPA ring is capable of carrying up to 400 lbs per slot, there 
may not necessarily be enough mass margin available to fill each ESPA slot, and 
the slots filled might be allotted less than 400 lbs.  In this situation NPSCuL has a 
major advantage over competing payloads.  Unlike most satellites, NPSCuL can 
also be lighter than the full mass described in Table 1.  since it does not need to 
launch with a full CubeSat payload.  Although technically NPSCuL could launch 
with as few as one P-POD, at some point it seems that it would be impractical to 
launch with fewer than some number of P-PODs.  Assuming it was decided that it 
would be worth launching NPSCuL as long as it carried at least 4 full P-PODs 
(12U worth of CubeSat volume) then the total NPSCuL payload mass could be 
as low as 151 lbs.  This is a useful feature since NPSCuL could still launch with 
less mass and a partial CubeSat payload rather than not launching at all.     
E. NPSCUL-LITE 
While writing this thesis, development of a new NPSCuL type concept 
began, called “NPSCuL-Lite.”  The new concept was developed specifically for a 
new secondary payload adapter called the “Aft Bulkhead Carrier” (ABC), which 
has lower mass limits and different payload volume constraints.  It was proposed 
to NPS by a party interested in NPSCuL, but recognizing the original design 
would not work with the new adapter.  Although designed for the ABC, NPSCuL-
Lite is still compatible with the ESPA.  The NPSCuL-Lite can carry up to eight 3U 
P-PODs (it is not compatible with 5U P-PODs).  The NPSCuL-Lite structure is 
lighter than the standard NPSCuL, therefore it may be practical to substitute the 
NPSCuL-Lite for the full NPSCuL on an ESPA launch if the launch has more 
restrictive mass limits than the normal ESPA mass capacity, or if NPSCuL is not 
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yet available.  NPSCuL-Lite is a variation of the Standard NPSCuL “Box” Design.  
As it is currently designed the ABC will accommodate a 170 lb payload in an 
irregularly shaped payload volume.  Since the development is still in progress, 
some of the specific design details and requirements are still to be determined 
and may change from previously stated numbers.   
Although the ESPA standard interface plane (SSIP) is specific to the 
ESPA ring to avoid confusion the SSIP right-handed coordinate system will be 
used when describing NPSCuL-Lite in the same way it was used with NPSCuL  
(There is no equivalent ABC interface plane since the ABC user guide as not yet 
been released).  NPSCuL-Lite uses a design similar to the NPSCuL Box design.  
Eight 3U P-PODs are most efficiently arranged in a pinwheel fashion with each 
group of two P-PODs 90 degrees relative to the next group about the x-axis 
(relative to the SSIP).  Since 3U P-PODs should be about the same size as one 
6U P-POD it may be possible to accommodate 6U P-PODs on NPSCuL-Lite 
using two slots at a time. 
When looking at the volume alone, it’s possible to fit 5U P-PODs, 
however, loaded 5U P-PODs are approximately 19 lbs. each, compared with only 
12 lbs. for 3U adding a total of 56 lbs. mass (for eight P-PODS) in addition to any 
structural mass that may be necessary to accommodate the longer 5U P-PODs.  
The additional mass for 5U P-PODs would put NPSCuL over the mass limit for 
the ABC adapter, even with significant mass optimization; it would be very 
difficult to accommodate 5U P-PODs.  Table 2.  is a summary of the NPSCuL-






Figure 19.  NPSCuL-Lite 
  
0.25 inch (1/4 inches) Sidewall Thickness 
  Weight (kg) Weight (lbs) Num Total (kg) Total (lbs)
3U P-PODs 2.60 5.73 8.00 20.8 45.9 
CubeSats 1.00 2.21 24.00 24.0 52.9 
Sequencer 3.00 6.62 1.00 3.0 6.6 
Assembly Hardware 0.68 1.50 1.00 0.7 1.5 
Structure 17.82 39.29 1.00 17.8 39.3 
Total    66 146 
Mass Margin    24 54 
% Mass Margin       14% 
 
Table 2.   NPSCuL-Lite Preliminary Mass Budget 
Most of the discussions found in this thesis apply to both the NPSCuL 
and the NPSCuL-Lite.  Obviously technical details are specific for each 
adapter; the NPSCuL is compatible only with the ESPA ring while the 
NPSCuL-Lite is compatible with the ESPA, ABC and possibly other adapters 
in development.  
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F. NPSCUL AS A FUNCTIONAL MASS SIMULATOR 
1. Operations as a Mass Simulator 
Although implementing NPSCuL as a mass simulator or “hot standby” 
would certainly be challenging, it could be achievable.  As a backup payload, it 
would almost certainly need CubeSats and P-PODs built, tested, and on standby, 
ready for integration onto an NPSCuL with short notice.  There may not be 
enough time to announce the launch, select CubeSats for launch, develop, and 
build the CubeSats as expected for a manifested NPSCuL launch.  This may be 
possible if a ready-to-go queue of CubeSats were already built and populated, 
allowing for such an efficient system.  CubeSats would be in a flight-ready status 
whether they are physically located at NPS or at the location of development.  If it 
were announced early enough that NPSCuL had been selected as a “hot 
standby” for a given flight, the flight-ready CubeSats could be shipped to NPS or 
Cal Poly (their respective integration authority) for integration onto P-PODs.  A 
system of this type would almost certainly require a fairly high number of 
launches and CubeSat developers to support it.  If there are too few CubeSats or 
P-PODs ready for launch at any given time, this idea although novel would be 
useless since it wouldn’t be ready in time for launch.  For success with this 
process model, CubeSat developers must have the faith that although they may 
not yet have a specific launch date, they know that as long as they are 
manifested in the NPSCuL launch queue, it is only a matter of time until NPSCuL 
is launched either as a back-up to a manifested SPL or as a manifested payload.   
Since NPSCuL can carry P-PODs in a variety of slots, can leave some 
slots empty, or can carry additional ballast, the mass can be increased or 
decreased and the CG can be adjusted from its natural location. 
The limits to which NPSCuL is mass and CG configurable should be 
adequate to facilitate replacement for most secondary payloads.  In general, if a 
payload is very light, or has a CG in an extreme location NPSCuL may not be an 
acceptable substitute, but this should be the exception rather than the rule. 
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The mass configurability of NPSCuL is between a minimum of 92 lbs (42 
kg), and a maximum of 400 lbs (181 kg).  The lower limit assumes an NPSCuL 
structure is 74 lbs. (34 kg) and a fully loaded 3U P-POD is 12 lbs. (5.5 kg), and a 
Lightband or solid 15” connector is 6 lbs (2.7 kg) with no sequencer or battery 
onboard.  The maximum would require nearly 100 lbs. of ballast in addition to a 
full load of 5U P-PODs.   If each CubeSat weights 1 kg per 1U as specified in the 
CDS, loaded 3U, 5U, and 6U P-PODs should weigh approximately 12 lbs. (5.5 
kg), 19 lbs. (8.5 kg), and 24 lbs. (11 kg) respectively.  NPSCuL is configurable in 
any mass increment, not just in 12, 19 or 24 lbs. increments, since ballast may 
be loaded and can be built to nearly any mass required. 
The envelope in which the NPSCuL CG is configurable is much more 
complicated to explain than the mass envelope.  When referring the location of 
the center of gravity in the X, Y or Z direction, the nomenclature “CGx”, “CGy”, 
“CGz”, will be used respectively.  Additionally, unless otherwise stated, CGx, 
CGy and CGz will always be with respect to the SSIP.  At full load (400 lbs.) CGx 
must be within 20” of the SSIP, CGx may be up to 30” from the SSIP with less 
mass however (see Figure 10. ).  The NPSCuL center of gravity is configurable in 
all 3 directions: x, y and z.  However, the extent to which it is configurable is a 
function of the total mass limit, and the direction in which the CG must be moved 
from its natural position.      
The NPSCuL P-POD slots have been numbered 1 through 10 in a fashion 
similar to a 10 hour clock.  Beginning with the P-POD exactly to the right of the 
top center P-POD (top meaning the +Y direction in the SSIP, the direction of 
travel), the P-PODs are numbered sequentially in a clock-wise manner.  Figure 




Figure 20.  NPSCuL Projected onto the SSIP with P-POD Numbering 
2. NPSCuL CG Configurability 
In general, the center of gravity for a manifested secondary payload would 
be very close to zero in the y and z directions, but may vary in the x direction.  
This makes the x direction the most important direction in which to be able to 
shift the CG, however the only way to move the CG for NPSCuL in the x-direction 
is by adding ballast, by removing CubeSats, or removing entire P-PODs. 
The NPSCuL Structure, 15” ESPA adapter and sequencer have a natural 
CGx of about 10” without any payload.  Loaded 3U P-PODs have a natural CGx 
of 21.6”, and loaded 5U P-PODs have a CGx of 17.9”.  These P-POD CGx 
calculations assume each 1U CubeSat volume is loaded with 1 kg of CubeSat 
payload or equivalent, these CGx figures do not change much.  Since loaded P-
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PODs have a relatively high CGx, while all remaining NPSCuL parts have a low 
CGx at around 10”, if P-PODs are removed to lighten the overall payload this 
causes a corresponding shift in CGx in the negative x-direction.  Ballast can be 
attached to NPSCuL at almost any point in the x-direction between 3.6” and 22.3” 
from the SSIP.  At the low end, 3.6” is far from the 21.6” CGx of loaded 3U P-
PODs, therefore removing a P-POD and replacing it with ballast close to the 
base of NPSCuL (3.6”) causes a CGx shift of almost one inch toward the SSIP.  
On the other hand since a 3U P-POD has a CGx at 21.6” while the furthest point 
from the SSIP at which ballast can be attached is at 22.3” from the SSIP, 
removing a P-POD and replacing it with ballast (at 22.3”) will only raise CGx by 
three-hundredths of an inch. 
If a secondary payload failed to make its flight, and NPSCuL is to replace 
the payload as a functional mass simulator, it is assumed that CGy and CGz 
should be zero, while the mass and CGx must match the original payload.  The 
extent to which NPSCuL is configurable, is a function of three variables: mass, 
CGx, and payload capacity.  It is also assumed that NPSCuL should always use 
the maximum payload capacity possible, so question is “what is the maximum 
payload capacity at which NPSCuL could still match a given mass and CGx of 
another payload?”  Figure 21 and Figure 22 below depict the CGx envelope 
given NPSCuL is to act as a 250 lbs and 400 lbs. mass simulator respectively.  
These figures show the CGx envelope using 3U P-PODs with the given mass, 
the exact envelope is payload specific, so these figures are only examples based 
on the assumptions listed above.  By comparing Figure 21 and Figure 22, it can 
be seen that the CGx envelope is larger for the heavier 400 lbs. case.  As a 400 
lbs mass simulator NPSCuL must have more ballast loaded than for lighter 
cases, and since ballast can be loaded anywhere between 3.6” and 22.3” from 
the SSIP, the result is a larger CGx envelope.  Graphs such as these are useful 




useful as a mass simulator.  For example, by looking at Figure 21 one can 
quickly see that using 3U P-PODs, as a 250 lbs. mass simulator with a CGx of 
12”, the maximum capacity would be limited to 18 CubeSats.   
There are also differences between 3U and 5U P-PODs since 5U P-PODs 
naturally have a lower CGx than loaded 3U P-PODs.  Neither 3U nor 5U P-PODs 
are better than the other in every situation.  5U P-PODs are generally less 
limiting to the CubeSat payload volume if a low CGx is required, but more limiting 
to the CubeSat capacity when a high CGx is required.  Notice if NPSCuL is used 
as 250 lbs. Mass Simulator with a CGx of 12”, when using 3U P-PODs (Figure 
21) the capacity is limited to a capacity of 18U, but when using 5U P-PODs the 
capacity would be limited to 25U.  Conversely, given the same 250 lbs. mass 
limit with a higher CGx such as 16”, an NPSCuL loaded with 3U P-PODs 
accommodate a volume of 30U, but if using 5U P-PODs a volume of only 15U is 
possible.  
 
Figure 21.  NPSCuL CGx Envelope as a 250 lb Mass Simulator 
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Figure 22.  NPSCuL CGx Envelope as a 400 lbs Mass Simulator 
 
Figure 23.  NPSCuL with 5U P-PODs as a 250 lbs Mass Simulator 
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G. THE PROCESS AND REQUIREMENTS DOCUMENT 
The NPSCuL Process and Requirements document (PRD) was written in 
conjunction with this thesis and was one of the two deliverables due to CSEWI as 
part of the grant received.  This section discusses the development of the PRD, 
which can be found in Appendix F.   
1. PRD Summary 
When NPSCuL is manifested to launch on a government launch vehicle 
the entire NPSCuL capacity may not be used by government or DoD CubeSat 
payloads.  This is an excellent opportunity to allow colleges, universities and 
others to launch CubeSats of national, scientific, educational or commercial 
interest on a space-available basis.  This could be the first domestic launch of 
non-government satellites in the United States; at the time of publication only 
NASA has launched CubeSats domestically.  Over 50% of all CubeSats have 
been built by U.S. developers and until today, with the exception of NASA, they 
have been forced to find launches overseas.   
The process in the NPSCuL PRD has the primary aim to allow for space-
available NPSCuL CubeSat launches.  One goal of the process was to allow 
space-available launch on NPSCuL with few requirements not already listed in 
the CDS.  The process requires parties, to develop a CubeSat according to the 
CDS that serves some national, scientific, educational or commercial purpose 
and fill out a questionnaire to be added to a list of CubeSats called the NPSCuL 
CubeSat Queue (NCQ).  The NCQ is a sequential list ordered on a first-come 
first- serve basis.   
When NPSCuL is selected for flight, the program office would inform NPS 
of the number of space available slots on NPSCuL that would be available for 
non-government CubeSats.  The NPSCuL team at NPS would then select 
appropriate CubeSats, as defined by the PRD from the NCQ, including back-up 
CubeSats, and present the list to the program office for approval.  In order for 
CubeSats to be selected from the NPQ, they must be flight-ready within the 
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necessary timeframe and their orbital requirements must match flight orbital 
parameters.  The program office would have the ultimate authority to approve or 
change the rideshare manifest list.  
Once the manifested CubeSat list is approved by the program office, NPS 
would make all necessary arrangements for the NPSCuL structure.  The NPS 
SSAG would appoint a Flight Coordinator who would be responsible for all 
communication with the various CubeSat developers and for coordination 
between the CubeSats and the launch provider or program office.  This could be 
an SSAG master’s thesis student who could write a thesis on the programmatics 
of coordinating space flight rideshare opportunities among so many participants.  
The Process and Requirements Document will change and be revised, as 
necessary each year, as the process is refined; the version submitted with this 
thesis is a starting point.  The author realizes the aggressive nature of the 
Process and Requirements Document that, if implemented, would place NPS at 
the forefront of the CubeSat community, possibly as the premier U.S. CubeSat 
launch provider in the near future.  
2. Development of the NPSCuL Process and Requirement 
Document 
There were other processes used as examples for the process 
recommended in the first version of the PRD.  The primary process, used as a 
reference by the author, was that of the DoD Space Experiments Review Board 
(SERB).  The SERB meets annually and prospective payload developers may 
present their experiment to the board, which ranks each experiment on a list, 
unless removed from consideration.  The Space Test Program (STP) administers 
the SERB process for the DoD, which provides opportunities to DoD-sponsored 
payloads to launch on various (typically DoD) launch vehicles on a space-
available basis.  When a compatible mission is identified to included STP 
secondary payloads, experiments are chosen from the list already produced by 
the SERB.   
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One of the preliminary versions of the NPSCuL PRD included a process 
where prospective CubeSat experiments would be presented to a board at NPS 
and ranked similar to the process used by the DoD SERB.  There were 
arguments both for and against this type of a selection process.  The arguments 
for the process included: 
• The process could identify CubeSats, which would be useful to U.S. 
National or DoD interests. 
• Student could participate in the process providing valuable training to 
NPS Student officers. 
• A ranking system may promote development of more sophisticated or 
interesting experiments since these experiments would most likely be 
given a higher ranking on the NCQ.   
Arguments against the process include:   
• There may be fewer interested parties than necessary to fill all of the 
available slots making any type of ranking system un-necessary. 
• The process would be time consuming for members of the SSAG at 
NPS. 
• A ranking type system could be implemented in the future if a first-
come-first-serve type system became inadequate.   
In the end, it was decided not to recommend a ranking style system at this 
time.  The main reasoning behind the decision was essentially that a first-come 
first-serve style list was comparatively easy to implement, and it does not 
preclude changing to a ranking style system in the future, if it becomes 
necessary.  Although CubeSats would not be ranked by merit, there should be 
minimum criteria that CubeSat experiments must meet in order to be added to 
the NCQ, which is discussed in the following section.   
3. CubeSat Requirements for NPSCuL Space-Available Launch 
It was important from the beginning to keep requirements for flight on 
NPSCuL consistent with those required for any CubeSat launch.  In many cases, 
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CubeSat developers do not know how they will launch their CubeSat before they 
begin development, therefore the CDS becomes the one common requirement 
standard between all CubeSats.  Additional requirement were difficult to 
determine for the first revision on the PRD for various reasons.  NPSCuL and 
NPSCuL-Lite are compatible with the ESPA, but may also be compatible with 
other secondary payload adapters, some of which are still in development.  
Requirements for launch on the ESPA can be found in the DoD Space Test 
Program Secondary Payload Planner’s Guide (ESPA PPG), but those 
requirements may differ from the other Secondary Adapters for which the 
payload planner’s guides have not yet been released.  Primary payloads may 
also impose additional requirements on secondary payloads on a mission unique 
basis.  As a result the first version of the NPSCuL PRD included few specific 
design requirements outside the CDS, which should be enough to satisfy most 
requirements for the various secondary payload adapters.  As more information 
about these adapters becomes available the PRD should be updated with more 
specific launch environment related requirements. 
Other than design and launch environment related requirements, to 
guarantee the space on NPSCuL is used for worthwhile experiments, developers 
are required to demonstrate their experiment serves some national, scientific or 
educational purpose.  For example, using CubeSats to do nothing more than 
launch ashes into space would probably not be accepted for space-available 
flight on NPSCuL.  The PRD also states that CubeSat should have some ability 
to communicate with a ground station; this requirement could be waived if it can 
be shown that a CubeSat can perform a worthwhile mission without ground 
communications. 
4. Conclusion to PRD Discussion 
The first version of the PRD will most likely be changed especially 
following the lessons learned on the first NPSCuL launch with slots for space-
available CubeSats.  As it currently stands, it is merely a proposed process for 
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manifesting CubeSats for space-available launch and will probably not be 
accepted officially by the DoD, STP or CubeSat launch communities, until after 
the first NPSCuL launch including space-available CubeSats.  
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III. NPSCUL STUDY, FUNDING AND DELIVERABLES 
A. FUNDING AND DELIVERABLES 
The CSEWI sponsored the NPSCuL project during the 2007 fiscal year 
with a grant for $20,000.  The agreement between NPS and CSEWI is outlined in 
a Navy Cooperative Research and Development Agreement (CRADA).   The 
CRADA includes a Statement of Work, which obligates NPS to produce certain 
deliverables [11]. 
The following deliverables found in the statement of work are the 
responsibility of NPS [11] 
1.   Develop and deliver a CubeSat Launcher Process and 
Requirements Document. 
2.   Design and construct a prototype hardware mock-up of a CubeSat 
launcher.  Such a launcher would comprise multiple P-PODs 
embedded in an ESPA sized payload volume. 
The two deliverables outlined above were the primary tasks for this thesis.   
The second deliverable, the prototype hardware mock-up, was especially 
involved and the details are outlined in the following section. 
B. CONSTRUCTION OF THE NPSCUL HARDWARE MOCK-UP 
1. Size 
As stated above, part of the agreement with CSEWI and one of the 
deliverables was to build a functional prototype for demonstration purposes.  The 
first consideration for this prototype was the size.  At a size that almost 
completely fills the ESPA launch envelope (24” x 28” x 38”), a full 1 to 1 scale 
model is too large.  This could easily be transported to various conferences and 
functions in a van or truck, but it would be difficult to carry a model of this size in 
the trunk of a car or on an airplane.  The group did consider that the P-PODs 
could be removable, but even then the model was still a fairly significant volume 
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for more restrictive types of transportation.  It was decided to make the model 
smaller than 1 to 1.  However, neither should the model be too small. CubeSats 
are only 10 cm per side and, if made it too small, the model may not have 
enough fidelity to adequately demonstrate the concept.  At ¼ scale for instance 
the size would now be 6” x 7” x 9”,   this is roughly the size of a very thick laptop 
computer.  Although ¼ scale model would be easy to transport, unfortunately it 
would be so small that the model CubeSats would be about the size of a game 
die.  
It was decided that ½ scale was the best scale for a functional 
demonstration model.  The exact dimensions of the NPSCuL, not including P-
PODs, at half scale are 11.8” x 11.2” x 5.6”–small enough for air transport or car, 
yet still large enough to have a high amount of visual impact and detail for 
demonstration goals.   
2. NPSCuL Mock-up Construction 
There are essentially three parts to the NPSCuL functional demonstration 
model: the NPSCuL adapter, the P-POD models, and the electronic circuitry 
necessary to open the P-POD doors.   
Fortunately, the design for the NPSCuL is quite simple, which made the 
choice of material for construction straightforward.  Several materials were 
considered including polycarbonate, aluminum 7075, aluminum 5056 and ABS 
plastic.  Polycarbonate was very easy to work with and could even be 
transparent, allowing observers to see inside the NPSCuL to better understand 
its construction and operation.  ABS plastic could be built using a 3D printer and 
is an inexpensive material. Aluminum 7075 and 5056 would be more expensive 
and heavier, but both would have a more impressive appearance and look the 
most like actual flight hardware.   
The ABS plastic and poly-carbonate options were eliminated because it 
would have an unimpressive appearance and certainly would not be up to the 
caliber CSEWI should expect for a $20,000 grant.  Aluminum 7075 (aircraft grade 
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aluminum often used on spacecraft) was an attractive option for the model since 
it would be very realistic; the actual NPSCuL would most likely be constructed 
from this type of material.  However, Aluminum 7075 is also expensive, difficult to 
machine and does not have an appearance that differs greatly from standard 
5056.  After speaking with the machinist at NPS, it was decided to first build a 
model out of polycarbonate to make a final evaluation of the design and make 
any last minute detail changes, after which the final model would be built from 
standard aluminum 5056.  
There were a couple small design differences between the ½ scale model 
and an actual flight article.  The flight article will have a wall thickness of 15mm or 
.59” inches, the ½ scale model used a ¼” wall thickness simply because it is 
readily available while 7.5mm is not.  Additionally, due to the narrow wall 
thickness, the walls could not be joined directly using screws, so a bracket was 
used to join each wall in the inside of the NPSCuL.  An anodyne, chemical 
conversion coating finish was applied for an authentic look. 
3. P-POD Construction 
The next step in construction of the model was to build the P-PODs.  In 
order to demonstrate operation of the real NPSCuL, the model needed to have 
operable P-POD doors that could be opened in sequence.  This posed a problem 
because of the level of detail needed to make P-PODs functional at half scale.  
The machinist could build P-PODs from Aluminum much like the NPSCuL model; 
however this was an impractical solution since it would take weeks or months for 
a machinist to build each P-POD with enough detail to look realistic. 
Rapid prototyping (RP) is a good candidate for projects where high detail 
is required.  Since there are several types of RP available, it required a good 
amount of research and education to determine the best prototyping method for 




Some of the rapid prototyping methods researched and considered for this 
project were [19]:  
• Selective Laser Sintering 
• Fused Deposition Modeling (FDM), also called 3D printing (3DP)  
• Stereo Lithography (SLA) 
• Laminated Object Manufacturing 
• Electron Beam Melting 
Each of these technologies varies dramatically by materials used, price, 
speed, complexity, and resolution.  Electron Beam Melting for instance is a very 
expensive technology that can manufacture high quality parts from various 
titanium alloys and typically requires a dedicated technician to run the machine.   
If price were no object, then EBM could have produced exceptional ½ scale 
titanium models for the functional NPSCuL model.  FDM or 3DP, on the other 
hand, typically work with plastic and poly-carbonate materials and tend to be the 
least expensive of the RP technologies.  3DP can also be used with only minimal 
training.  After looking into the details for each technology, it became apparent 
that the only technology that would fit within the budget was 3DP.   
Despite the relatively low cost of 3DP when compared with other types of 
RP technology, they still produce high quality models.  3DP has become the 
most widely used RP technology, and is probably the only RP technology that 
has taken advantage of economies of scale in recent years enough to 
substantially drive down the cost while increasing performance.  As a result, 3DP 
machines tend to produce products nearly on par with much more expensive RP 
technologies at a fraction of the cost.  While only a few years ago the least 
expensive RP machines cost well over $100,000, today some commercially 




768.  It appears that 3DP has become popular enough in the mechanical 
engineering world that it is the default choice for most projects unless another 
form of RP is absolutely necessary.   
In the past, the SSAG has contracted out to various companies to build 3D 
parts on 3DP machines.  Although the SSAG didn’t own an RP machine, a 
computer-aided drafting (CAD) file could be electronically sent to various 
companies who produced RP products for customers.  The process of ordering 
RP parts online has become streamlined; today an engineer can go to dozens of 
websites and get instant quotes for any CAD file within minutes.  After receiving a 
quote and paying, these companies can begin printing the prototype almost 
instantly and ship to the customer within days.    
Figure 24 below is a screenshot capture from Xpress3D for a 1/2 scale 5U 
P-POD.  The quotes range from $505 - $1,000 per unit.  Assuming the cheapest 
available technology was used to build ten 5U half scale P-PODs the total would 
be at least $5,050.  This was a problem since the budget for the model was 
about $8,000.  Using this method would barely leave enough money for other 
important parts, the actual structure, and electronics necessary to operate the P-
PODs doors.  Additionally, the price would only hold true if only ten 5U P-PODs 
were built correctly the first time.  Although this might fulfill the minimum 
requirements set for deliverables in the CSEWI/NPS CRADA, to fully 
demonstrate the versatility of the NPSCuL concept, it was preferred to produce 
several P-PODs including 3U, 6U and 5U.  Like many engineering projects there 
are often re-designs or mistakes requiring rework, so it was impractical to plan on 
building only ten P-POD models.   
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Figure 24.  Example Quotes for a 5U P-POD at 1/2 Scale 
The author decided to find out if there were companies who were willing to 
lease 3D printers on month-to-month basis.  The first option was to use the 
ZCorporation printers since they had the cheapest online quotes. Unfortunately, 
there were no companies locally who leased ZCorporation printers.  After 
contacting the local distributor for Dimension 3D printers, The Paton Group 
located in Los Angeles, it was found that they were willing to lease a Dimension 
printer for $1,000 per month.  The cost of the material to build parts was $250 per 
56 cubic inch cartridge, which is equivalent to $4.46 per cubic inch.  A half scale 
5U P-POD would use 9.78 cubic inches of model material and 7.89 cubic inches 
of support material. Both model and support were the same price, so the material 
cost of a 5U P-POD would be approximately $79 (17.67 cubic inches of material 
x $4.46 per cubic inch).  
At a price of $79 per model and a two-month lease, it was clear that the 
option to lease a 3D printer would be considerably cheaper than hiring a RP 
company.  Additionally by reducing the material cost of producing P-POD 
models, 3U and 6U models could also be built and it afforded some flexibility for 
some iterative design, in the engineering world commonly known as “mistakes”.  
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4. CAD Modeling 
By far, the most time spent on this project was learning to use a CAD 
program and building, refining, and modifying the CAD files that would eventually 
be used to build the P-POD models.  In addition to learning the basics of any 
CAD program, there are often many ways to accomplish any given task.  There 
are probably a dozen major, well known CAD programs world-wide.  Before this 
project, the author had some minor experience with both AutoCAD and Rhino3D.  
AutoCAD is far more popular in the United States, while Rhino3D is more popular 
in Europe.  Almost all are capable of opening, and working with each other’s 
CAD file types, although sometimes with a little difficulty.  Most 3D printers 
require a stereo lithography (STL) output file.  Every major CAD program is 
capable of producing files in STL format.  STL files are at least an order of 
magnitude larger than the standard CAD files used by respective CAD programs.  
Working with STL files directly was far more taxing on the computer’s resources 
and even caused software crashes on more than one occasion.  The author 
determined that it was better to work with CAD models using the native file 
format of the CAD program, and then export the file to STL only for the purpose 
of sending the part to the printer.   
STL files are simple files that take a 3D CAD model and divide it into a 
series of thousands or even millions of intersecting tetrahedral [10].  In many 
ways STL files are to 3D CAD models what “bitmap” files are to 2D digital 
photographs.  They are simple, non-compressed, large files.  Although the STL 
format is the same in both cases, the STL file can be saved using either ASCII or 
binary characters.  The binary STL files were generally 25% as large as their 
ASCII counterparts.  Interestingly there is no difference in detail between the 
ASCII and binary STL files despite the four fold difference in file size, so the 
author recommends saving binary type STL files if the printer driver is capable of 
accepting them.   
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STL files do not include the measurement units of the original CAD file, so 
one needs to tell the printer what the proper units of measurement are for the file.  
To guarantee the file resolution was adequate for the printer, the author exported 
files that were twice the maximum resolution of the printer.  Since the author’s 
CAD files were always built in inches, and the best printer resolution was 10 mils 
(.01 inches), all CAD parts were exported to STL files with .005 resolution when 
working with inches—twice the maximum resolution of the printer.  The author 
exported some of the STL files to higher resolution (.0001—20x higher than 
normal) to conduct a side-by-side comparison of some of the finished parts he 
was building.  As expected, there is no noticeable difference, even on the 
smallest most delicate parts, as long as the resolution of the output STL file is 
higher than that of the printer resolution (see Figure 25). 
 
Figure 25.  The model (bottom left) was built using .005 STL file resolution, 
while the model (bottom right) was built using .0001 STL file resolution. 
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5. 3D Printers 
3D printers build 3D models or parts from a CAD file by layering and 
connecting cross-sectional areas one layer at a time.  The printer software driver 
begins with the complete CAD model to be built.  The driver then virtually divides 
the CAD model by slicing it into 2-dimensional layers that can be built, one at a 
time, on top of the previous layer.  The thickness of each 2D layer depends on 
the resolution of the printer, typically between 5–13 mils.   
The printer will then build the part using both the model material and 
support material, which supports the model during construction, but which will be 
removed later.  When speaking or writing about 3D printers, the word “model” 
can become confusing since it can refer to a CAD “model”, the material used to 
build the finished part, or the finished part.  For this document “model” only refers 
to the model material used by the 3D printer to build the finished product, but 
never the finished product itself or the CAD file. 
Model and support are generally in a solid form before fabrication into a 
part in the 3D printer.  Some printers have spools of model and support structure 
that are fed into the printer where they are heated and melted just before 
entering the print head.  Other 3D printers use the same process except the 
model and support material are in a powder form before being melted.  Whether 
the model and support are in powder form or on a spool, the rest of the 
fabrication process is more or less the same for all 3DP machines.  
Model and support will be laid down by their respective print heads layer 
by layer.  First support, then model for the first layer, then support then model for 
the second layer and so forth as depicted in Figure 26 below.  Support structure 
literally supports the model in various ways.  For parts of the model that 
overhang free space, the printer must build support structure first on which it can 
build the overhanging part.  The support will be built up until the printer reaches 
the layer where the overhanging part begins, at which point it has built a 
foundation on which it can build that part.  
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Figure 26.  From a CAD Model to a 3D Object modified from [17] 
The Paton Group in Los Angeles is the Dimension 3D Printer distributor 
for the state of California, and they were the only business the author was able to 
locate near NPS willing to lease 3D printers.  Dimension offers 6 printer models 
ranging from $18,000–$35,000 each with various features.  The most basic 
Dimension printers have a small build area, 8” x 8” x 10”, with 13 mil resolution, 
and build using ABS plastic.  The more expensive models have a larger print 
area, 10” x 10” x 12”, slightly better resolution, 7 mils or 10 mils, and use 
“ABSplus” plastic, which is 40% stronger than standard ABS plastic.  The 
ABSplus material also has a glossier finish, which is more aesthetically pleasing.    
The inexpensive printers also use a “breakaway” support technology that 
allows the user to simply break away support from the model after removing it 
from the printer.  Although breakaway technology is quick and easy to use, it 
poses problems for small, delicate parts since they can be broken while breaking 
the support away.  The other option for support technology is soluble support, 
which can be dissolved away by placing the model in a sodium hydroxide 
(NaOH) solution commonly referred to as “lye,” which is heated in a bath to 70ºC.  
Most models take between one to four hours to dissolve the support material.  
Unfortunately, in this price range, breakaway support and soluble support are 
typically not interchangeable by machine; each machine can be used with only 
one type of support material.  The author was given a choice between the 
Dimension 1200es and the Dimension Elite Printer (see Figure 27).  These were 
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Dimension’s two newest and most expensive printers at $34,900 and $32,900 
respectively.  Both printers featured the soluble support technology and used the 
ABSplus plastic.  The Elite printer had the highest resolution of any Dimension 
printer selectable to 7 or 10 mils by manually changing print head, but the build 
volume was roughly ½ the size of the 1200es like the less expensive printers (8” 
x 8” x 10” or 640 cubic inches).   
 
 
Figure 27.  Dimension Elite (Left) and 1200es (Right) 
At the higher 7 mil resolution, finished parts take approximately twice as 
long to build than at 10 mil resolution.  The 1200es machine, on the other hand, 
had a larger print area (10” x 10” x 12” or 1200 cubic inches), but the resolution 
was lower, selectable to 10 or 13 mils.  At 10 mil resolution, parts take 
approximately 70% longer to build than at 13 mil resolution, but only half as long 
as 7 mil resolution.  In the end, the choice was between the Elite with 30% higher 




volume, or the 1200es with 30% lower resolution at the reward of twice the speed 
and print volume.  Despite the lower resolution, considering that many large parts 
were needed, the author chose the Dimension 1200es.   
6. Building Parts on the 3D Printer—Lessons Learned 
The orientation in which the part is built affects the amount of support 
material the printer will need to finish the part, the amount of time needed, the 
surface finish, and strength of the part.  The printer can build each layer in any 
order or direction it chooses, giving freedom in the x and y direction.  However, it 
must complete the layer before moving on to the next layer above.  Therefore, 
while it can build the model such that it optimized the x and y directions for 
strength, the z-direction must be built sequentially from bottom up.  Notice in 
Figure 26. , the printer built the first layer (on the bottom) by laying down lines of 
model along the x-direction.  The next successive layer was laid down with each 
line along the y direction, and so on to the next layer.  The weakest part of any 
given layer is between each successive line of model.  If the printer were to lay 
down each line along the same axis, rather than alternating each successive 
layer, then the group of layers would be weak perpendicular to the print direction 
and very strong along parallel to the print direction.  By alternating the direction in 
which each layer is printed makes the object strong in both the x and y directions.   
When it comes to the z-direction, on the other hand, the printer has no 
ability to alternate the layers with either of the other two directions causing the z-
print axis for any given object to always be weaker with respect to force applied 
perpendicular to the z-axis.   
The surface finish is affected by the orientation in which the printer builds 
the object.  The printer is not only capable of free movement exactly parallel with 
either the x or y axis, but it can move in any direction or angle within each plane.  
This is important, especially when building some parts expected to move and 
interact together such as hinges.  When a hinge is built so that its length is 
parallel to the z-axis (up and down), the printer can print each layer of the hinge 
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in circular rings, one on top of the next. Each subsequent layer gives the finished 
hinge a smooth surface finish, necessary for the hinge to operate smoothly. A 
hinge built perpendicular to the z-axis, on the other hand, will naturally have a 
rough finish since it would be necessary to stare-step layers approximating the 
circular part of the hinge.  Notice the smooth finish on the hinge displayed in 
Figure 28.  If the part had been built such that the hinge length was parallel to the 
x-y plane it would have been stair-stepped and had a rough finish that would not 
operate smoothly with the other half of the hinge.   
 
Figure 28.  Two Views of the same 3D Printed Hinge 
The amount of support material needed varied depending on the 
orientation used to build a part.  For any given CAD model, depending on the 
orientation, there may be parts that will overhang free space.  Clearly the printer 
cannot print with model suspended in free space, so the printer must first build a 
support structure underneath anything that would otherwise be hanging freely.  A 
great example is an open box.  If the box is built with the base down and top 
open, very little support material will be needed.  If that same box were to be built 
upside down, such that the base of the box would be located at the top, this 
would require the machine to build support structure inside the box as it is 
building the sides, so when it eventually reaches to top, it has something on 
which to build the base of the box.  This orientation would use significantly more 
support than if the base of the box were located on the bottom. 
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The build time could also be affected by the object orientation.  Between 
each layer the printer will return to the home position and purge the print head 
once after the support is laid down, then again after the model is laid down.  If 
something, such as a P-POD, which is fairly long and skinny, were built so that 
the long direction is in the z-direction, there would be many more layers than if it 
were built in another direction.  Since there are approximately 100 layers per inch 
(at 10 mil resolution), for every inch tall an object is, the printer must return to 
home and purge the print head 200 times (twice per layer – once for material and 
support each).  In general, it requires the printer less time to build objects when 
the long direction is any direction other than the z-direction.   
Sometimes build time and support material can both be saved by splitting 
the CAD file into more basic parts and performing some minor manual 
construction later. Whether the material savings and time savings on the printer 
are worth the extra time spent afterwards assembling the final product varies on 
a case-by-case basis.  On the 3U P-POD below, the side panes looked 
considerably better when built in the horizontal direction.   
Table 3.  below compares the print time, and support material required to 
print a 5U P-POD with the long edge vertical, horizontal, and horizontal and the 
side panel removed.  The print time was assumed to be worth approximately 
$2.00 per hour based on $1,000 per month lease at a printer utilization rate of 
70% of the time (500 hours out of 720 hours per 30 day month).  Model and 
support are $4.46 per cubic inch.   
Vertical printing uses less support material than horizontal printing in this 
case for a material savings of almost $5.00, but costs an additional 3 ½ hours of 
print time.  If concerned only with minimizing printer costs, then one can further 
reduce the cost by removing the side panel while in the horizontal orientation, 
which results in the object being built using the least amount of support and time.  
For the 5U P-POD, this is a savings of about $20 per finished product, and would 
cost about 5 minutes to re-attach the side panel using glue after the printer was 
finished.   
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Vertical  9.73 9.74 22:43 $86.91 $45.43 $132.35
Horizontal 9.76 11.02 18:22 $92.76 $36.73 $129.50
Horizontal with side panel removed 9.78 7.89 15:21 $78.88 $30.70 $109.58
Table 3.   3U P-POD Print Statistics at 10 mil resolution 
Most of the 5U and 3U P-PODs were printed horizontally with the side 
panel removed, which saved the project $200–$250 worth in material costs, but it 
may not have been worth the effort.  For the 3U P-PODs it was not significant, 
but for the 5U P-PODs, it was.  Since the 5U P-POD at half scale is too long to 
print in a single piece the P-POD was split into a top and bottom half, additionally 
the side panel was removed from both halves for a total of four pieces.  After final 
assembly, the author noticed that the top and bottom section did not fit together 
as tightly as possible leaving an un-slightly gap between the top and bottom 
sections.  This gap is caused because it was nearly impossible to reattach the 
side panel perfectly, causing a slight mismatch in the z direction between panel 
and the rest of the P-POD to which it was attached. This slight difference, 
probably less than a millimeter, caused the bottom and top sections of most 5U 
P-PODs to not fit exactly when assembled into a single piece. 
The lesson learned from this experience is to avoid dividing objects to be 
built by a 3D printer into multiple pieces beyond what is absolutely necessary due 
to the printer volume constraints. The idea that objects can be easily re-
assembled afterwards may not always be true.  In reality, reassembly can be 
much more difficult than originally anticipated.  
7. NPSCuL Functional Prototype – the Finished Product 
The Functional Prototype was finished at the beginning of August 2008.  
The main structure was made of Aluminum 5056 and coated with an anodyne 
finish giving it a gold color.  The P-PODs were built with the 3D printer using gray 
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ABSplus plastic, similar to the color of real flight-ready P-PODs.  P-PODs were 
built in 3U, 5U and 6U varieties and were attached with Velcro to the NPSCuL.  
The Velcro is convenient since it allows the team to easily demonstrate the 
versatility of NPSCuL by reconfiguring the various types of P-PODs that can be 
loaded onto the NPSCuL slots.  
To add more realism to the final product springs were added to the P-POD 
doors to allow them to spring open much like actual P-PODs. To hold the door 
shut a small plastic arm is attached to the servo, which allows the door to spring 
open on command (see Figure 29).  One of the team members took this a step 
further and built a sequencer from a BASIC Stamp controller, which could control 
up to eight servos at a time.  Using this controller, which was named “CubeCon” 
(short for Cube Control), a single push of a button could simulate the deployment 
command from a launch vehicle and cause eight of the attached P-PODs to 
spring open sequentially with a small time delay between each.  In the future a 
spring may be added to the inside-bottom of each P-POD to allow something to 
spring out as each P-POD opens.  Figure 20 below shows the CubeCon box both 
closed and open to expose the circuitry inside.  
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Figure 29.  P-POD Springs and Servo 
The CubeCon box additionally demonstrates the benefit of RP technology.  
The directed study student who built the sequencer needed a protective box to 
hold the stamp circuitry and associated hardware such as the battery, 
connectors, push buttons, LED lights, etc.  Rather than build a simple box, with 
some help from the author, he built a CAD model complete with hinges and 
clasps, not only to hold the circuitry and other hardware, but also allow it to be 
easily accessible by opening the box.  Notice inFigure 30, when the box is closed 
everything is protected, but when the box is opened, the circuitry is exposed, 
including both sides of the BASIC Stamp controller board in the center.  In fact 
the first iteration of the CubeCon box did not work—among other things, the 
clasp broke the first time it was used, the hinge was too rough and tolerances for 
the hinge were too tight, the box was flimsy so the corners of the box didn’t line 
up when closing the box.  After the first CubeCon box was built the author was 
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able to fix the problems on the CAD model in less than an hour, and began 
printing a new iteration.  The second iteration has not experienced any of the 
problems of the original; this is an example of how the iterative nature of 
engineering can benefit from RP technologies’ rapid turn around time.  
 
Figure 30.  NPSCuL CubeCon.  Closed (left) and Open (right) 
The final NPSCuL functional simulator debuted at the 2008 Summer 
CubeSat workshop, preceding the Small Satellite Conference in Logan, UT in 
August 2008.  The author made a twenty-minute presentation that was well 
received by the audience as evidenced by the number of questions after the 
presentation finished.  It became clear that functional hardware is much more 
effective at demonstrating an engineering concept, such as NPSCuL, then 
pictures and words alone.  The NPSCuL functional mass simulator will without a 
doubt prove useful in the future as it is presented to the CubeSat community.   
The final figures in the section are of the NPSCuL ½ scales model (Figure 
31) along with several of the other models built as part of this project. (Figure 32). 
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Figure 31.  NPSCuL ½ Scale Functional Model 
 
 
Figure 32.  Parts made for the NPSCuL Project with the 3D Printer 
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IV. NPSCUL PROGRAM MANAGER 
A. PROGRAM MANAGER DUTIES 
The NPSCuL project was unique because unlike most student theses 
where the student may be in charge of a project, but funding and schedule are 
generally managed by the thesis advisor, the author acted as the Program 
Manager for the NPSCuL project.  As the Program Manager, the author felt a 
strong sense of ownership and responsibility for the project.  Some of the 
responsibilities that he had as Program Manager that one might not have had 
otherwise were to: 
1.   Manage the Budget. 
2.   Manage the Schedule. 
3.   Recruit new students to take over the project before he left.   
4.   Authority to make important decisions for the project. 
5.   Responsibility for all deliverables due to CSEWI and quarterly reports. 
B. BUDGET 
Part of the responsibilities as Program Manager, were to manage the 
budget.  The grant money was provided by the Department of Labor’s WIRED 
initiative through the CSEWI.  CSEWI recognized the potential of NPSCuL, and 
realizes that by funding development of an NPSCuL, it may facilitate domestic 
CubeSat research and launch for California-based institutions such as Stanford, 
California Polytechnic State University, Boeing and others.  CSEWI provided a 
grant for $20,000 for NPSCuL using a CRADA with NPS.  The Naval 
Postgraduate School collects 31.59% of the costs as “indirect costs”.   Indirect 
costs are used to pay for lab space, utilities, administrative support, and other 
associated costs relating to hosting a research project.   
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The amount of money used to build the hardware mock-up was difficult to 
estimate in the beginning since it varied greatly depending on the method used. 
In the end, the hardware mock-up cost a total of $6,178.52, travel was $7,783.93, 
and indirect costs were $4,801.27.  At the time of this publishing, there was 
$1236.28 remaining in the budget, which has until the end of January 2009 to be 
spent by the new program manager.   
Since this project was conceptually straight forward, the author used a 
Microsoft Excel spreadsheet to manage the budget. The budget spreadsheet can 
be found in Appendix C.  In the authors opinion the biggest lesson learned was 
the difficulty of accurately estimating costs.  Even on a small project such as this 
one, costs estimates may be off by as much as a factor of two.  Originally, $4,500 
was budgeted for travel and $11,000 for construction of the prototype.  The 
prototype cost a mere 56% of the original estimate, while travel cost almost 94% 
more.  Originally, the author considered travel optional.  Due to some savings by 
renting a 3D printer, for example, more students were able to attend conferences 
relevant to the project.  This taught me the value of having some small budget 
margin, which can allow for some flexibility in a project for which it can be difficult 
to accurately forecast costs.   
Attending conferences provided an important lesson in the value of face-
to-face communication early in a new project.  The DoD Rideshare conference 
was hosted by the NASA Wallops Flight Facility, in Wallops, Virginia.  Originally, 
the author thought it was optional and had the budget not supported attending it 
would have been cut from the schedule.  While at the conference however it was 
realized how well the NPSCuL project would fit with the overall theme of the 
conference.  Those in charge of the conference were able to fit a short NPSCuL 
presentation into the conference on the last day, which was made by the author.  
Immediately after the presentation, the author and other NPS attendees were 
approached by a party from the U.S. government who was interested in funding 
the development of NPSCuL.  The team submitted a proposal to this 
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organization, which have now begun funding NPSCuL for the 2009 fiscal year.  
Clearly this opportunity may have been missed if the conference had been 
skipped.   
C. SCHEDULE 
The author used Microsoft Project to manage the schedule.  The schedule 
spanned the timeframe from January 2008 through September 2008, which was 
the time the author expected to be working on the project.  The majority of the 
project was dedicated to all aspects of building the demonstration prototype, 
since this required the most time of anything else in this thesis.  To summarize 
the schedule, the month of March was spent investigating various forms of rapid 
prototyping, cost estimating the various options, and eventually arranging for the 
lease of a printer.  The remainder of the time was spent preparing 3D CAD 
models before the printer arrived.  The CAD models took a particularly large 
amount of time, since the student was also simultaneously learning to use the 
CAD program and experienced difficulty with the P-POD files obtained from Cal 
Poly.  The printer was acquired on April 5. Over the subsequent three months, 
the student spent many hours building 3D CAD files, and printing them on the 
printer.  He found that having a 3D printer at hand was invaluable, since it 
allowed him to re-work a CAD file immediately when he found a problem or 
mistake with a printed 3D object.  Had the team contracted with an online 3DP 
company, mistakes would have been far more costly and would have had slower 
turn-around time, unnecessarily delaying the project.   Appendix D is a printout of 
the MS Project schedule used for this project.  
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V. CONCLUSION 
A. FUTURE OF NPSCUL 
Given the success of the NPSCuL program over the past year, and the 
partial funding received, the SSAG has decided to begin development and 
testing on the qualification unit in FY09.  The timeline is still fluid since it depends 
partially on funding received from various government groups.  One government 
agency is currently interested in the NPSCuL-Lite and has begun funding it for 
development over the next eleven months, beginning October 2008.  
Before a flight ready NPSCuL or NPSCuL-Lite can be completed there are 
several tasks, which would require completion.  The following is a basic summary 
of the tasks necessary to build a flight ready NPSCuL.  While, the speed with 
which steps below can be completed is somewhat dependent on the funding 
available, although the funding may more directly affect the fidelity of testing and 
amount of risk with which the project can be completed.  With more funding, to 
increase testing fidelity, the testing can be performed with real P-PODs.  With 
additional funds it might be possible to hire external testing facilities as necessary 
if NPS facilities were unavailable or inadequate, which would reduce the overall 
program risk.   
Although the steps are in sequential order, many tasks can commence 
and be performed in parallel with other tasks on the list. 
1.   Finish and conduct finite element analysis on the final design. 
2.   Construct a prototype NPSCuL unit 
3.   Finish the design for a flight ready sequencer 
4.   Construct a prototype sequencer for testing 
5.   Conduct preliminary vibration, shock and thermal testing on the 
prototype NPSCuL and sequencer.  For these tests build and use 
mass models for P-PODs 
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6.   Make any necessary changes to the designs based on findings from 
the prototype. 
7.   Build a qualification unit. 
8.   Conduct qualification level vibration, shock, thermal and (for the 
sequencer) EMI testing.  For high fidelity tests use real P-PODs in 
the locations they will endure the most extreme launch environment 
and P-POD mass simulators elsewhere.   
9.   Build the Flight unit. 
10.   Conduct acceptance testing on the flight unit. 
11.   Build a harness for lifting a fully integrated NPSCuL. 
12.   Build a transport container for shipping NPSCuL to the launch 
integration site. 
In addition to the above steps there is much research that could be 
completed relating to NPSCuL, but not necessarily required for production of a 
flight NPSCuL.  Some ideas are included the below. 
1.   Conduct an in-depth analysis of the collision possibility for such a 
high number of CubeSats.  Although the probability of collision is 
anticipated to be very low or zero, an analysis may put would-be 
critics’ minds at ease.  Although the author appreciates the 
importance of orbital debris mitigation, in his opinion, many with a 
limited understanding of orbital mechanics tend to dramatically over-
estimate the risk associated specifically with CubeSats and on-orbit 
collision probability.  CubeSats tend to have a low orbit yielding a 
short orbital lifetime of months to two years before re-entering earth’s 
atmosphere, so the effect on LEO debris should be both short-term 
and minimal.  This might also be useful to determine if there is a 
lower collision possibility by releasing CubeSats before, after, or at 
the same time as other small secondary payloads.  
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2.   Conduct mass optimization analysis of NPSCuL and NPSCuL-Lite.  It 
may be possible to accommodate 5U P-PODs on a future NPSCuL-
Lite iteration since mass is the limiting factor on the ABC for 
accommodating more CubeSats.  This design might be able to 
accommodate up to 40U when attached to the ABC, and possibly 
even more when attached to the ESPA.  If such a design existed it 
could fulfill the purposes of NPSCuL-Standard and NPSCuL-Lite with 
a single design.   
3.   Conduct a study to determine if additional requirements should be 
necessary for CubeSats flying on NPSCuL.  For instance, should 
radio frequency Identification (RFID) beacons be required for all 
CubeSats?  (It may be very difficult to locate a specific CubeSat with 
so many being deployed at one time.) 
The CubeSat community is still in its infancy and there may be several 
other areas of study that should be addressed regarding NPSCuL not covered 
here.  
B. CLOSING REMARKS 
Considering the growth of the CubeSat community it seems clear that 
CubeSats may have the potential to revolutionize the way experiments are 
performed on orbit.  The CubeSat, although based on a 1U building block, is 
scalable and the community is now starting to see larger CubeSats.  As the 
CubeSat community grows, and COTS parts for CubeSats increase in variety 
and performance, much like other technologies the have emerged, and then 
matured over time (such as computers, the internet, cell phones, etc) the use of 
CubeSats may develop in ways not currently imagined.   
NPSCuL has the potential to become the first high capacity CubeSat 
deployment mechanism.  High capacity launch is essential if the CubeSat 
community is to continue the growth experienced in the past six years.  
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Additionally if the U.S. expects to be in the lead in this new innovative 
technology, it must not only build, but launch CubeSats.   
The NPSCuL concepts have a simple design, which not only reduces 
development and reproduction costs, but reduces risk of failure.  NPSCuL or 
NPSCuL-Lite are a reasonable first step to domestic, high-capacity CubeSat 
launch that, with proper funding, could be built within a year.  NPSCuL should be 
developed as a way to reduce the cost of deploying CubeSat experiments in 
space and enabling domestic CubeSat developers to innovate in technology and 
education.  
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